Khoomei is a unique singing style originating from the Central Asian republic of Tuva. 12 Singers produce two pitches simultaneously: a booming low-frequency rumble alongside a 13 hovering high-pitched whistle-like tone. The biomechanics of this biphonation are not 14 well-understood. Here, we use sound analysis, dynamic magnetic resonance imaging, and vocal 15 tract modeling to demonstrate how biphonation is achieved by modulating vocal tract morphology. 16 Tuvan singers show remarkable control in shaping their vocal tract to narrowly focus the harmonics 17 (or overtones) emanating from their vocal cords. The biphonic sound is a combination of the 18 fundamental pitch and a focused lter state, which is at the higher pitch (1-2 kHz) and formed by 19 merging two formants, thereby greatly enhancing sound-production in a very narrow frequency 20 range. Most importantly, we demonstrate that this biphonation is a phenomenon arising from 21 linear ltering rather than a nonlinear source. 22 30 words, "a man with two voices". Khoomei, now a part of the UNESCO Intangible Cultural Heritage 31 of Humanity, is characterized as "the simultaneous performance by one singer of a held pitch in 32 the lower register and a melody ... in the higher register" (Aksenov, 1973) . How, indeed, does one 33 singer produce two pitches at one time? Even today, the biophysical underpinnings of this biphonic 34 human vocal style are not fully understood. 35 
Introduction 24
In the years preceding his death, Richard Feynman had been attempting to visit the small Asian 25 republic of Tuva (Leighton, 2000) . A key catalyst came from Kip Thorne, who had gifted him a record 26 called Melody tuvy, featuring a Tuvan singing in a style known as "Khoomei", or Xöömij. Although he 27 was never successful in visiting Tuva, Feynman was nonetheless captivated by Khoomei, which can 28 be best described as a high-pitched tone, similar to a whistle carrying a melody, hovering above 29 a constant booming low-frequency rumble. Such is a form of biphonation, or in Feynman's own transforms (STFT), which provide detailed information in both temporal and spectral domains. 91 We recorded the singers transitioning from normal singing into biphonation, Fig.1 showing this 92 transition for three singers. The f 0 of their song is marked in the gure (approximately 140 Hz for 93 subject T2, 164 Hz for both T1 and T3) and the overtone structure appears as horizontal bands. 94 Varying degrees of vibrato can be observed, dependent upon the singer ( Fig.1 ; see also longer 95 spectrograms in Figs. 6 and 7) . Most of the energy in their song is concentrated in the overtones 96 and no subharmonics (i.e., peaks at half-integer multiples of f 0 ) are observed. In contrast to these 97 three singers, singer T4 performing in a non-Sygyt style exhibited a fundamental frequency of 98 approximately 130 Hz, although signi cant energy additionally appears around 50-55 Hz, well below 99 an expected subharmonic (Fig.5 ). 100 If we take a slice, i.e. a time-point from the spectrogram and plot the spectrum, we can observe 101 the peaks to infer the formant structure from this representation of the sound (red-dashed lines in 102 Fig.1 and Appendix Fig.4 ). As the singers transition from normal singing to biphonation, we see that 103 the formant structure changes signi cantly and the positions of formant peaks shift dramatically 104 and rapidly. Note that considering time points before and after the transitions also provides an 105 internal control for both normal and focused song types (Fig. 4) . Once in the biphonation mode, all 106 three singers demonstrate overtones in a narrow spectral band around 1.5-2 kHz; we refer to this 107 as the focused state. Speci cally, Fig.1 shows that not only is just a single or small group of overtones 108 accentuated, but also that nearby ones are greatly attenuated: ±1 overtones are as much 15-35 dB 109 and ±2 overtones are 35-65 dB below the central overtone. Additionally, in the focused state, the 110 fundamental frequency is also relatively small. In normal singing, prior to the focused state, the 111 majority of vocal energy is below 1 kHz and the f 0 is strongly voiced, whereas after the transition 112 the strongly voiced component of the song shifts to whistle-like pitch in the 1.5-2 kHz region. 113 To objectively and quantitatively assess the degree of focus, we computed an energy ratio 114 e R (f L , f H ) that characterizes the relative degree of energy brought into a narrow band against 115 the energy spread over the full spectrum occupied by human speech (see Methods). In normal 116 speech and singing, for [f L , f H ] = [1, 2 kHz], typically e R is small (i.e., energy is spread across the 117 spectrum, not focused into that narrow region between 1 and 2 kHz). For the Tuvan singers, prior 118 to a transition into a focused state, e R (1, 2) is similarly small. However once the transition occurs 119 (red triangle in Fig.1) , those values are large (upwards of 0.5 and higher) and sustained across time 120 (Appendix Figs. 2 & 3) . For one of the singers (T2) the situation was more complex, as he created 121 multiple focused formants ( Fig.1 middle panels and Appendix Figs. 6, 8) . The second focused state 122 was not explicitly dependent upon the rst: The rst focused state clearly moves and transitions 123 between approximately 1.5-2 kHz (by 30%) while the second focused state remains constant at 124 approximately 3-3.5kHz (changing less than 1%). Thus the focused states are not harmonically 125 related. Unlike the other singers, T2 not only has a second focused state, but also had more energy 126 in the higher overtones ( Fig.1 ). As such, singer T2 also exhibited a di erent e R timecourse, which 127 took on values that could be relatively large even prior to the transition. This may be because he 128 took multiple ways to approach the transition into a focused state (e.g., Appendix Fig.9 ). 129 Plotting spectra around the transition from normal to biphonation singing in a waterfall plot 130 indicates that the sharp focused lter is achieved by merging two broader formants together (F Figure 1 . Frequency spectra of the songs three di erent singers transitioning from normal into biphonic singing. Vertical white lines indicate the time point for which the associated normal or biphonic song was extracted. Transition points from normal to biphonic singing state are denoted by the red triangle. (Right column). The fundamental frequency (f 0 ) of the song which is indicated by a peak in the spectrum is marked by a green square. Overtones which represent integral multiples of this frequency are also indicated. Estimates of the formant structure are shown by overlaying a red stippled line and each formant peak is marked by an x. Note that the vertical scale is in decibels (e.g., a 120 dB di erence is a million-fold di erence in pressure amplitude). See also Figs. 4 and 2 for further quanti cation of these waveforms. The associated waveforms can be accessed in the Appendix [T1_3short.wav, T2_5short.wav, T3_2shortA.wav]. the singers (T2) that are unique in two regards. First, there are two types of MRI data reported 141 here: steady-state volumetric data ( Fig.3 and Appendix Fig.19 ) and dynamic midsagittal images 142 at several frames per second that capture changes in vocal tract position ( Fig.4A-B and Appendix 143 Fig.21 ). Second is that the dynamic data allow us to examine vocal tract changes as song transitions 144 into a focused state (e.g., Appendix Fig.21 ).
145
The human vocal tract begins at the vocal folds and ends at the lips. Air ow produced by the 146 vocal cords sets the air-column in the tract into vibration, and its acoustics determine the sound 147 that emanates from the mouth. The vocal tract is e ectively a tube-like cavity whose shape can 148 be altered by several articulators: the jaw, lips, tongue, velum, epiglottis, larynx and trachea ( Fig.3 ).
149
Producing speech or song requires that the shape of the vocal tract, and hence its acoustics, are 150 precisely controlled (Story et al., 2016) . 151 Several salient aspects of the vocal tract during the production of Khoomei can be observed 152 in the volumetric MRI data. The most important feature however, is that there are two distinct 153 and relevant constrictions when in the focused state, corresponding roughly to the uvula and 154 alveolar ridge. Additionally, the vocal tract is expanded in the region just anterior to the alveolar 155 ridge (Fig.3A) . The retro ex position of the tongue tip and blade produces a constriction at 14 cm, 156 and also results in the opening of this sublingual space. It is the degree of constriction at these 157 two locations that is hypothesized to be the primary mechanism for creating and controlling the 158 frequency at which the formant is focused.
159
Modeling 160 Having established that the shape of vocal tract during Khoomei does indeed have two constrictions, 161 as observed by other groups, the primary goals of our vocal tract modeling e orts were to use 162 the dynamic MRI data as morphological benchmarks and capture the merging of formants to 163 create the focused states as well as the dynamic transitions into them. Our approach was to use a 164 6 of 40 A C B D Figure 4 . Analysis of vocal tract con guration during singing. (A) 2D measurement of tract shape. The inner and outer pro les were manually traced, whereas the centerline (white dots) was found with an iterative bisection technique. The distance from the inner to outer pro le was measured along a line perpendicular to each point on the centerline (thin white lines). (B) Collection of cross-distance measurements plotted as a function of distance from the glottis. Area function can be computed directly from these values and is derived by assuming the cross-distances to be equivalent diameters of circular cross-sections (see Methods primary lter. We begin with a rst order assumption that the system behaves linearly, which allows 169 us for a simple multiplicative relationship between the source and lter in the spectral domain (e.g.,
170
Appendix Fig.10 ).
171
Acoustic characteristics of the vocal tract can be captured by transforming the three-dimensional 172 con guration ( Fig. 3 ) into a tube with variation in its cross-sectional area from the glottis to the Manuscript submitted to eLife
The frequency response functions derived from the above static volumetric MRI data (e.g., 183 Fig.4D ) indicate that two formants F 2 and F 3 cluster together, thus enhancing both their amplitudes. 184 Clearly, if F 2 and F 3 could be driven closer together in frequency, they would merge and form a 185 single formant with unusually high amplitude. We hypothesize that this mechanism could be useful 186 for e ectively amplifying a speci c overtone, such that it becomes a prominent acoustic feature in 187 the sound produced by a singer, speci cally the high frequency component of Khoomei. 188 Next, we used the model in conjunction with time-resolved MRI data to investigate how the 189 degree of constriction and expansion at di erent locations along the vocal tract axis could be a 190 mechanism for controlling the transition from normal to overtone singing and the pitch while in the 191 focused state. These results are summarized in Fig.4 (further details are in the Appendix). While 192 the singers are in the normal song mode, there are no obvious strong constrictions in their vocal 193 tracts (e.g., Appendix Fig.11 ). After they transition, in each MRI from the focused state, we observe 194 a strong constriction near the aveolar ridge. We also observe a constriction near the uvula in the 195 upper pharynx, but the degree of constriction here varies. If we examine the simultaneous audio 196 recordings, we nd that variations in this constriction are co-variant with the frequency of the 197 focused formant. From this, we surmise that the mechanism for controlling the enhancement of This study has shown that Tuvan singers performing Sygyt-style Khoomei exercise precise control 213 of the vocal tract to e ectively merge multiple formants together. They morph their vocal tracts so 214 to create a sustained focused state that e ectively lters an underlying stable array of overtones. 215 This focused lter greatly accentuates energy of a small subset of higher order overtones primarily 216 in the octave-band spanning 1-2 kHz, as quanti ed by an energy ratio e R (1, 2 Fig.14) . Note that the merged formants lie atop either the 7th overtone (i.e., 8f 0 ) or the 11th ((i.e., 12f 0 ). due to formants F 3 -F 5 combining (Story et al., 2016), though this is typically more broad and less 232 prominent than the focused states exhibited by the Tuvans. Our results explain how this occurs and 233 are also broadly consistent with Adachi & Yamada (Adachi and Yamada, 1999) in that a constricted 234 "rear cavity" is crucial. However, we nd that this rear constriction determines the pitch of the 235 focused formant, whereas it is the "front cavity" constriction near the alveolar ridge that produces 236 the focusing e ect (i.e., merging of formants F 2 and F 3 ). 237 Further, the present data appear in several ways inconsistent with conclusions from previous 238 studies of Khoomei, especially those that center on e ects that arise from changes in the source. 239 Three salient examples are highlighted. First, we observed overtone structure to be highly stable, 240 though some vibrato may be present. This contrasts the claim by Levin and Edgerton that "(t)o tune 241 a harmonic, the vocalist adjusts the fundamental frequency of the buzzing sound produced by the 242 vocal folds, so as to bring the harmonic into alignment with a formant" (Levin and Edgerton, 1999). 243 That is, we see no evidence for the overtone "ladder" being lowered or lifted as they suggested 244 (note in Fig.1 , f 0 is held nearly constant). Second, a single sharply de ned harmonic alone is not 245 su cient to get the salient perception of a focused state, as had been suggested by Levin and 246 Edgerton (1999) . Consider Appendix Fig.9 , especially at the 4 s mark, when "pressed" Our results present two lines of evidence that argue against Sygyt-style Khoomei arising pri-267 marily from a nonlinear process. First, the underlying harmonic structure of the vocal fold source 268 appears highly stable through the transition into the focused state ( Fig.1 ). There is little evidence 269 of subharmonics. A source spectral structure that is comprised of an f 0 and integral harmonics 270 would suggest a primarily linear source mechanism. Second is that our modeling e orts, which 271 are chie y linear in nature, reasonably account for the sudden and salient transition. That is, the 272 model is readily su cient to capture the characteristic that small changes in the vocal tract can 273 produce large changes in the lter. Thereby, precise and fast motor control of the articulators in a 274 linear framework accounts for the transitions into and out of the focused state. Thus in essence, 275 Sygyt-style Khoomei could be considered a linear means to achieve biphonation. Connecting back 276 1 Pressed phonation, also referred to as ventricular voice, occurs when glottal ow is a ected by virtue of tightening the laryngeal muscles such that the ventricular folds are brought into vibration. Such has the perceptual e ect of adding a degree of roughness to the voice sound. An anecdotal popular ction account along these lines appears in the 2005 American lm The Exorcism of Emily Rose. 2 It should be noted that Herzel and Reuter (1996) go so far to de ne biphonation explicitly through the lens of nonlinearity.
We relax such a de nition and argue for a perceptual basis for delineating the boundaries of biphonation.
to nonlinear phonation mechanisms in non-mammals, our results provide further context for how 277 human song production and perception may be similar and/or di erent relative to non-humans 278 [e.g., Doolittle et al. (2014) ; Kingsley et al. (2018) ]. 279 Features that appear transiently in spectrograms do provide hints of source nonlinearity though, 280 such as the brief appearance of subharmonics in some instances (Appendix Fig.15B In terms of auditory transduction, several considerations motivate the notion of "two cochleas" 300 (Shera, 2015) . That is, there is increasing evidence that suggests auditory information is processed 301 di erently between the base and apex of the cochlea, with a transition occurring around 1- toolbox with a scaling factor of 10. From this trend, the peak-picking was reapplied to determine 333 "formant" frequencies (red x's in Fig.1 ). This process could be repeated across the spectrogram to 334 e ectively track overtone and formant frequency/strength, as shown in Fig.1 . 335 To quantify the focused states, we developed a dimension-less measure e R (f L , f H ) to represent 336 the energy ratio of that spanning a frequency range f H * f L relative to the entire spectral output. 337 This can be readily computed from the spectrogram data as follows. First take a "slice" from 338 the spectrogram and convert spectral magnitude to linear ordinate and square it (as intensity 339 is proportional to pressure squared). Then integrate across frequency, rst for a limited range 340 spanning [f L , f H ] (e.g., 1-2 kHz) and then a broader range of [0, f max ] (e.g., 0-8 kHz; 8 kHz is a 341 suitable maximum as there is little acoustic energy in vocal output above). The ratio of these two is 342 then de ned as e R , and takes on values between 0 and 1. This can be expressed more explicitly as:
where P is the magnitude of the scaled sound pressure, f is frequency, and f The participant was instructed to sing a melody for the duration of the scan, and took breaths as 368 needed. 369 For segmentation (Fig.3) , 3D MRI Images (Run1; see Appendix) were loaded into Slicer (version 370 4.6.2 r25516). The air-space in the oral cavity was manually segmented using the segmentation 371 module, identi ed and painted in slice by slice. Careful attention was paid to the parts of the 372 oral cavity that were a ected by the artifact from the dental implant. The air cavity was manually 373 repainted to be approximately symmetric in this region using the coronal and axial view (Fig.3A) . 374 Once completely segmented, the sections were converted into a 3D model and exported as a STL 375 le. This mesh le was imported into MeshLab (v1.3.4Beta) for cleaning and repairing the mesh. 376 The surface of the STL was converted to be continuous by removing non-manifold faces and then The associated frequency response of that area function is shown in Fig. 4D and was calculated 398 with a transmission line approach (Sondhi and Schroeter, 1987; Story et al., 2000) that included 399 energy losses due to yielding walls, viscosity, heat conduction, and acoustic radiation at the lips; 400 side branches such the piriform sinuses were not considered in detail for this study. The rst ve 401 formant frequencies (resonances), F 1 , … , F 5 , were determined by nding the peaks in the frequency 402 response functions with a peak-picking algorithm (Titze et al., 1987) and are located at 400, 1065, 403 1314, 3286, and 4029 Hz, respectively. 404 To examine changes in pitch, a particular vocal tract con guration was manually "designed" 405 ( Fig. 11a ) such that it included constrictive and expansive regions at locations similar to those 406 measured from the singer (i.e., Fig. 4 ), but to a less extreme degree. We henceforth denote this area The appendix contains supporting information for the document Overtone focusing in Tuvan throat singing by Bergevin et al. a . To provide a benchmark, we provide an overview of the several di erent sections present. First (Methodological considerations), we include several methodological components associated with the quantitative analysis of the waveforms, helping illustrate di erent approaches towards characterizing the acoustic data and rationale underlying control measures. Second (Additional waveform analyses) , we include additional plots to support results and discussion in the main text. For example, di erent spectrograms are presented, as are analyses for additional waveforms. This section also helps provide additional context for a second independent focused state. The third section (Additional modeling analysis gures) details theoretical components leading into the results of the computational model and how the MRI data constrain the key parameters, so to help justify arguments surrounding the notion of formant merging. Fourth (Instability in focused state), some speculative discussion and basic modeling aspects are presented with regard to the notion of instabilities present in motor control of the focused state. In the fth section (Cochlear tonotopy), basic aspects underlying cochlear tonotopy are presented and how such relates back to the observation that the salient perceptual focused state sits in the region of 1-2 kHz. Sixth (Additional MRI analysis gures), images stemming from the MRI data are presented. Lastly, the nal three sections detail accessing the acoustic waveforms, MRI data les , and waveform analysis (Matlab-based) software via an online repository. To facilitate quanti cation of the waveforms, we custom-coded a peak-picking/tracking algorithm to analyze the time-frequency representations produced by the spectrogram. Figure 1 shows an example of the tracking of the overtones (red dots) and formants (grayscale dots; intensity coded by relative magnitude as indicated by the colorbar). This representation provides an alternative view (compared to Fig.1) to help demonstrate that, by and large, the overtone structure is highly consistent throughout while the formant structure varies signi cantly across the transition. For Fig.2 , the waveforms are the same as those shown in Fig.1 (those with slightly di erent axis limits). In general, we found that e R (1, 2) provided a clear means to distinguish the focused state, as values were close to zero prior to the transition and larger/sustained beyond. Singer T2 was somewhat of an exception. Figure 3 is for singer T2, using the same le (i.e., the transition point into the focused state there between 6 and 7 s is the same as that shown in the middle panel of Fig.1 ), but with an expanded timescale to illustrate the larger e R values prior to the transition. This is due to the relatively large amount of energy present between 2.5-4 kHz. We also explored e R (1, 2) values in a wide range of phonetic signals, such as child & adult vocalizations, other singing styles (e.g., opera), non-Tuvan singers (e.g., Westerners) performing "overtone singing", and older recordings of Tuvan singers. In general, it was observed that e R (1, 2) was relatively large and sustained across time for focused overtone song, whereas the value was close to zero and/or highly transient for other vocalizations. Control measurements 581 The waveforms from the Tuvan singers provide an intrinsic degree of control (i.e., voicing not in the focused state). Similar in spirit to Fig.1, Fig.4 shows the spectra prior to the transition into the focused state. While relatively narrow harmonics can be observed, they tend to occur below 1 kHz. Such is consistent with our calculations of e R (1, 2): prior to a transition into a focused state, this value is close to zero. The exception is singer T2, who instead shows a relatively large amount of energy about 1.8-3 kHz that may have some sort of masking e ect (see Discussion in main text, as well as Sec.??). Additionally, Tuvan singer T4 using a non-Sygyt (Fig.5) can also e ectively be considered a "control". Appendix 1 Figure 4 . Stemming directly from Fig.1 , the right-hand column now shows a spectrum from a time point prior to transition into the focused state (as denoted by the vertical black lines in the left column). The shape of the spectra from Fig.1 is also included for reference. Additional waveform analyses 595 Other spectrograms 596 Figure 5 shows spectrogram from singer T4 (T4_shortA.wav) singing in non-Sygyt style. While producing a distinctive sound, note the relative lack of energy above approximately 1 kHz. Figure 6 shows spectrogram from singer T2 (T2_5.wav) over a longer timescale than that shown in Fig.1 . Similarly for Fig.7 , but for singer T1. Both these plots provide a spectraltemporal view of how the singer maintain and modulate the song over the course of a single exhalation. Note both the sudden transitions into di erent maintained pitches, as well as the briefer transient excursions. Second independent focused state 617 Figure 8 shows another example of a transition in Sygyt-style song for singer T2, clearly showing a second focused state about 3-3.5 kHz. Two aspects merit highlighting. First, the spectral peaks are not harmonically-related: At t = 4.5 s, the rst focused state is at 1.36 kHz and the other at 3.17 kHz (far from an expected to 2.72 kHz). Second, during the singer-induced pitch change at 3.85 s, the two peaks do not move in unison. While not ruling out correlations between the two focused states, these observations suggest that they are not simply nor strongly related to one another. Figure 9 shows a spectrogram and several spectral slices for the sound le where the voicing was "pressed" (Adachi and Yamada, 1999; Edmondson and Esling, 2006) prior to the transition into the focused state. That is, prior to the 1.8 s mark, voicing is relatively normal. But after that point (prior to the transition into the focused state around 5.4 s, substantial energy appears between 2-4 kHz along with a degree of vibratto. Note however that there is no change to the overall overtone structure (e.g., no emergence of subharmonics). The spectrum at t = 4.0s, prior to the transition, provides a useful comparison back to (Levin and Süzükei, 2006) . Speci cally, one particular overtone is singled out and highly focused, yet the broadband cluster of overtones about 2.5-4 kHz e ectively mask it. It is not until about the 5.4 s mark when those higher overtones are also brought into focus that a salient perception of the Sygyt-style emerges. Additional modeling analysis gures 646 The measurement of the cross-distance function (as described in the Methods), along with calculation of the frequency response from an estimate of the area function, suggested that constrictions of the vocal tract in the region of the uvula and alveolar ridge may play a signi cant role in controlling the spectral focus generated by the convergence of F 2 and F 3 . Assuming that an overtone singer con gures the vocal tract to deliberately merge these two formants such that, together, they enhance the amplitude of a selected harmonic of the voice source, the aim was to investigate how the vocal tract can be systematically shaped with precisely-placed constrictions and expansions to both merge F 2 and F 3 into a focused cluster and move the cluster along the frequency axis to allow for selection of a range of voice harmonics. Fig. 11b is the same area function as Fig. 11a (see Methods) but plotted by extending the equivalent radius of each cross-sectional area, outward and inward, along a line perpendicular to the centerline measured from the singer (see Fig. 4a ), resulting in an inner and outer outline of the vocal tract shape as indicated by the thick black lines. The measured centerline is also shown in the gure, along with anatomic landmarks. Since this does not represent a true midsagittal plane it will be referred to here as a pseudo-midsagittal plot (Story et al., 2001) . Fig. 12a shows the new area function and frequency response generated by the perturbation process, whereas the pseudo-midsagittal plot is shown in Fig. 12b . Relative to the shape of A 0 (x) (shown as the thin gray line), the primary modi cation is a severe constriction imposed between 12.5-13.5 cm from the glottis, essentially at the alveolar ridge. Although the line thickness might suggest that the vocal tract is occluded in this region, the minimum cross-sectional area is 0.09 cm 2 . There is also a more moderate constriction at about 5 cm from the glottis, and a slight expansion between 7-10.5 cm from the glottis. The frequency response in upper panel of Fig. 12a demonstrates that the new area function was successful in driving F 2 and F 3 together to form a single formant peak centered at 1800 Hz that is at least 15 dB higher in amplitude than any of the other formants. Hz. The results, along with those from the previous gure for 12f o , are shown in Fig. 13 . The collection of frequency responses in the upper panel of Fig. 13b shows that F 2 and F 3 successfully converged to become one formant peak in each of the cases, and their locations on the frequency axis are centered around the speci ed target frequencies. The corresponding area functions in the lower panel suggests that the constriction between 12.5-13.5 cm from the glottis (alveolar ridge region) is present in roughly the same form for all ve cases. In contrast, an increasingly severe constriction must be imposed in the region between 6-8.5 cm from the glottis (uvular region) in order to shift the target frequency (i.e., the frequency at which F 2 and F 3 converge) downward through progression of speci ed harmonics. Coincident with this constriction is a progressively larger expansion between 14-15.5 cm from the glottis which likely assists in positioning the focal regions of F 2 and F 3 downward. It can also be noted that the area function that generates a focus at 8f o (1200 Hz; thinnest line) is most similar the one generated from the cross-distance measurements (i.e., Fig. 4c ). In both, there are constrictions located at about 7.5 cm and 13 cm from the glottis; the expansions in the lower pharynx and oral cavity are also quite similar. The main di erence is the greater expansion of the region between 8-13 cm from the glottis in the acoustically-derived area function. Based on the results, a mechanism for controlling the enhancement of voice harmonics can be proposed: The degree of constriction near the alveolar ridge in the oral cavity, labeled C o in Fig. 13 , controls the proximity of F 2 and F 3 to each other, whereas the degree of constriction near the uvula in the upper pharynx, C p , controls the frequency at which F 2 and F 3 converge (the expansion anterior to C o may also contribute). Thus, an overtone singer could potentially "play" (i.e., select) various harmonics of the voice source by rst generating a tight constriction in the oral cavity near the alveolar ridge to generate the focus of F 2 and F 3 , and then modulating the degree of constriction in the uvular region of the upper pharynx to position the focus on a selected harmonic. This proposed mechanism of controlling the spectral focus is supported by observation of vocal tract changes based on dynamic MRI data sets. Using this approach midsagittal movies of the Tuvan singer were acquired where each image represented approximately 275 ms. Shown in Fig. ? ? is a comparison of vocal tract con gurations derived with the acoustic-sensitivity algorithm (middle panels) to image frames from an MRI-based movie (upper panels) associated with the points in time indicated by the vertical lines superimposed across the waveform and spectrogram in the lower part of the gure. The image frames were chosen such that they appeared to be representative of the singer placing the spectral focus at 8f o (left) and 12f o (right), respectively, based on the evidence available in the spectrogram. The model-based vocal tract shape in the upper left panel, derived for a spectral focus of 8f o (1200 Hz), exhibits a fairly severe constriction in the uvular region, similar to the constrictive e ect that can be seen in the corresponding image frame (middle left). Likewise, the vocal tract shape derived for a spectral focus of 12f o (1800 Hz) (upper right) and the image frame just below it both demonstrate an absence of a uvular constriction. Thus, the model-based approach generated vocal tract shapes that appear to possess characteristics similar to those produced by the singer, and provides support for the proposed mechanism of spectral focus control. Second focused state 753 Given that singer T2 was the subject for the MRI scans and uniquely exhibited a second focused state [e.g., Fig.8 ], the model was also utilized to explore how multiple states could be achieved. Two possibilities appear to be the sharpening of formant F4 alone, or the merging of F4 and F5 (Fig.14) . However, it is unclear how reasonable those vocal tract con gurations may be and further study is required. Appendix 1 Figure 14 . Similar to Fig.5 , but additional manipulations were considered to create a second focused state by merging F4 and F5, as exhibited by singer T2 (see middle row in Fig.1) . Additionally, the spectrogram shown here is from the model (not the singer's audio). See also Fig.21 Fig.17) . The sudden transitions observed (Fig.1) could then be likened to two-person cheerleading moves such as a "cupie", where one person standing on the ground suddenly throws another up vertically and has them balancing atop their shoulders or upward-stretched hands. A simple proposed model for the transition into the focused state is shown in Fig.17 Cochlear tonotopy 806 To help explain the rationale for how the Sygyt-style song may capitalize o a unique trait of the human cochlea, this section provides some basic aspects of human cochlear tonotopy [i.e., how characteristic frequency, CF, maps to spatial position along the length of the basilar membrane (BM) relative to the base, x]. While the precise form of the human tonotopic map is unknown, Fig.18 compares a simple exponential mapping with a commonly assumed form, the so-called Greenwood map. The simple exponential map is given by
Pressed transition
where l is the "space constant" [mm] and CF max [kHz] is the highest frequency represented on the BM. In Fig.18 , we used CF max = 20 and l = 7. The Greenwood map (Greenwood, 1990) is given by
Commonly used parameters are A = 165.4, a = 0.06, and k = 0.88. Such allows the frequency range to span approximately 10 octaves from 20-20000 Hz. Note that the region of focused song (1-2 kHz, gray region in Fig.18 ) sits just basal to where the two types of map diverge, which corresponds also to the proposed 1 kHz "apical-basal transition CF" for humans (Shera  et al., 2010) . Exponential Greenwood map 1-2 kHz region of "focused" Tuvan song "Apical-basal transition CF" 827 Appendix 1 Figure 18 . Estimates of the human tonotopic map. That is, the characteristic frequency (CF) as a function (see text) of position along the length of the cochlea relative to the base (x). Blue curve shows a simple exponential mapping, while the red curve indicates the "Greenwood map" (Greenwood, 1990) . Grey region indicates the 1-2 kHz octave range spanned by the focused Tuvan song and green dashed line the "apical-basal transition CF" (Shera et al., 2010) . Additional MRI analysis gures 834 Volumetric data 835 An example of the volumetric data (arranged as tiled midsagittal slices) is shown in Fig.19 . Note that the NMR artifact due to the presence of a dental post is apparent lateralized to one side. Appendix 1 Figure 20 . Spectrogram of steady-state overtone voicing whose volumetric scan is shown in Fig.19 . Two di erent one-second segments are shown: top shows during the scan (and thus includes acoustic noise from the scanner during image acquisition), while bottom shows just after scan ends but subject continues to sing. Representative movie frames and their corresponding spectra for singer T2, as input into modeling parameters (e.g., Fig.5 ). Corresponding Appendix data les are DynamicRun2S.mov (MRI images) and DynamicRun2sound.wav (spectra; see also DynamicRun2SGrid.pdf). Top row shows a "low pitch" ( rst) focused state at about 1.3 kHz while the bottom row shows a "high" pitch at approximately 1.9 kHz. Note a key change is that the back of the tongue moves forward to shift from the low to high pitch. Thin grey bars are added to the spectra to help highlight the frequency di erence. Same legend as that shown in Fig.1 To facilitate connecting movie frames back to the associated sound produced by singer T2 at that moment, the movies include frame numbers. Those have been labeled on the corresponding time location in the spectrograms (see red labels at top), accessible here: • Code to analyze general aspects of the waveforms (e.g., Fig.1 
